Abstract The number and capability of explosives detection and analysis methods have increased substantially since the publication of the Analytical and Bioanalytical Chemistry special issue devoted to Explosives Analysis (Moore and Goodpaster, Anal Bioanal Chem 395(2):245-246, 2009). Here we review and critically evaluate the latest (the past five years) important advances in explosives detection, with details of the improvements over previous methods, and suggest possible avenues towards further advances in, e.g., stand-off distance, detection limit, selectivity, and penetration through camouflage or packaging. The review consists of two parts. This part, Part I, reviews methods based on animals, chemicals (including colorimetry, molecularly imprinted polymers, electrochemistry, and immunochemistry), ions (both ion-mobility spectrometry and mass spectrometry), and mechanical devices. Part II will review methods based on photons, from very energetic photons including X-rays and gamma rays down to the terahertz range, and neutrons.
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Introduction
Explosives continue to be a threat material of choice because of their capabilities for destruction, low cost, ease of manufacture from common materials, and the wealth of open-source online resources for their production and use. The battle against explosive threats spans from intelligence gathering and surveillance activities, through detection using contact or non-contact means (the latter at both near-field and standoff distances), to neutralization of the explosive material or ABC Highlights: authored by Rising Stars and Top Experts.
objects and mitigation of the explosive effects. Los Alamos has established the Collaboration for Explosives Detection [2] to bring its broad range of explosives expertise and capabilities to bear on this important national and international security problem. There are many other entities with similar activities or intents, both within the United States [3] [4] [5] and worldwide [6] [7] [8] , and their newest developments are slowly moving the battle Bto the left,^meaning as early in the bomb cycle as possible, to eliminate explosive threats before they are placed, armed, and detonated. This review will cover many of the newest and most capable explosives detection and analysis capabilities. We will concentrate on trace methods, but some bulk methods are also reviewed. In this review, trace is defined as non-detonable quantities, usually found on surfaces or in the vapor phase. We include several exciting new stand-off detection developments at distances of 100 m and beyond. Our principal focus is on archival scientific literature, rather than vendor information, in order to concentrate on the scientific principles and advances rather than commercial off-the-shelf (COTS) embodiments, except in selected cases. The recent shift in predominant usage from military explosives to homemade explosives (HME) has driven important changes in detection methods, particularly to differentiate threats from benign usage (e.g. farming) of HME components.
Recent reviews
There have been several recent reviews of this subject, both in conference proceedings and in the archival scientific literature. The recent book by Vaseashta and Khudaverdyan contains several chapters reviewing some of the current explosives detection methods [9] . Mokalled et al. have provided a recent review of sensors for trace explosives detection [10] .
Some characterization and detection methods for both traditional and non-traditional explosive materials were reviewed by Tourne [11] . Aspects regarding fusion of data sets for improved probability of detection, reduced false alarm rate, larger area of applicability, higher throughput, and better resilience to potential countermeasures, as well as several recent data-fusion efforts, were reviewed by Kemp [12] . Reviews of particular technologies are included in the relevant sections below.
Sampling
Sampling methods for explosives have undergone some recent improvements aimed at transportation protection, forensics analysis, and environmental studies. The recent book edited by Pawliszyn, BComprehensive Sampling and Sample Preparation: Analytical Techniques for Scientists^, contains several chapters on current sampling methods, including legal and forensic sampling, water sampling, explosives sample preparation, solid-phase microextraction, and sample homogenization [13] . Sampling techniques specifically for forensic applications of infrared and Raman vibrational spectroscopic analysis are updated in chapter 3 of the 2012 book edited by Chalmers, Edwards, and Hargreaves [14] . Consistency in application of sampling wands has been improved recently through the development of a pressure-sensing wand that indicates when the correct sampling pressure is applied during swiping (Fig. 1) [15] .
There have been several studies of vapor-phase sampling. Use of planar solid-phase microextraction (PSPME) sorbentcoated disks has been reported to result in superior receiver operating characteristic (ROC) curves compared with particle swabbing in a cluttered environment for detection of volatile chemical markers associated with smokeless powders [16] . Another method for preconcentration sampling of volatile headspace chemical markers for explosives used capillary microextraction by sorbent-coated glass microfibers packed into a glass capillary [17] . Barron et al. comprehensively studied the recovery of low-explosive materials (HME and other non-military explosives) using a range of routinely used collection materials and compared with a direct surface solventextraction approach [18] . A variety of other new sampling methods are covered in the particular detection method sections below.
Detection methods
There is not as yet a single method that provides the low limits of detection, high selectivity, applicability at near-field and stand-off distances, and portability required by explosives detection practitioners. Nevertheless, important advances have been made in the past five years, as we present in the following sections. The review consists of two parts: this part (Part I) discusses methods based on animals, chemicals (including colorimetry, molecularly imprinted polymers, electrochemistry, and immunochemistry), ions (both ion-mobility spectrometry and mass spectrometry), and mechanical devices. Part II discusses photon and neutron-based methods [19] .
Animals
Training animals, be they mammals or insects, for explosives detection typically relies on operant conditioning, wherein the animal is taught to associate a specific odor with a reward. Dogs have been and remain the standard animal for trainedanimal explosive detection. However, there is uncertainty regarding the chemical odors upon which the dog is being trained, and whether changes in processing or mixing could still lead to correct identification. A recent study by Lazarowski and Dorman suggests that typical training schemes may limit the ability of dogs to detect odors when they are mixed, and they have proposed a novel static odor delivery device for training that increases the probability that the dog will recognize an odor in a mixture [20] . Likewise, handler-dog interactions can affect the detection performance of the dog, because handler error can mislead the dog into false identification. Perhaps rather surprisingly, a recent study revealed that increased stress and anxiety in the handler led to improved performance in the dog, postulated to be a result of reduced control over the dog [21] .
Rats, specifically African giant pouched rats, continue to be used for landmine detection across Tanzania, Mozambique, Thailand, Angola, and Cambodia through APOPO (AntiPersoonsmijnen Ontmijnende Product Ontwikkeling, which translates to Anti-Personnel Landmines Detection Product Development). The rats are trained to detect TNT. As of October 2014, there were 81 rats in different stages of training for landmine detection [22] .
Honeybees have also been revealed to be promising as alternatives to dogs for landmine detection. The research has relied on exploiting bees' natural foraging behavior. Like dogs and rats, honeybees are conditioned to associate an explosive odor with food. When let loose onto a field containing several landmines, the bees will cluster at the scent plumes given off by the mines. If, over time, the bees are monitored for where they cluster, an indication of landmine location can be obtained. This has recently been successfully demonstrated using LIDAR (light detection and ranging) [23] .
There has been recent research on the use of untrained insects as bioelectronic sensors for detection of explosives and other chemicals. One promising insect is the fruit fly Drosophila melanogaster. In two recent studies, fruit flies that had been fitted with microelectrodes in contact with specific olfactory receptor neurons (a reference electrode was inserted into the eye) were revealed to respond when exposed to several industrial chemicals [24, 25] .
Colorimetry
Colorimetry is the detection and identification of compounds through a change in color resulting from reaction with a chemical reagent. Often, the color change is measured by eye in the visible range, although spectroscopic detection can also be used and the use of smartphone-based color cameras for quantitative analysis is currently a subject of study [26] [27] [28] . There are several colorimetry-based COTS explosives detection devices available, based on reagent drops added to sample swipes, swipes impregnated with chemicals, or mixing the sample and chemicals in solution. Sensitivity to a broad range of explosives at<mg levels and identification by class of explosive (organic nitrate or nitramine, inorganic nitrates, chlorates, etc.) is common, inexpensive, and easy to perform with current COTS products. Multiple tests on a single test paper with spatially isolated reagents could facilitate rapid field testing [29] . Recent research has advanced in the topics of colorimetric sensor arrays, smartphone-based camera analysis, and synthesis of new test reagents, particularly using nanoparticles. The use of chemical sensors for detection of nitroaromatics, with detailed considerations of the reaction chemistry and detection limits achieved, was the subject of a recent review [30] .
Colorimetric sensor arrays [31, 32] provide an ensemble response that is both sensitive and selective to identify a particular explosive. Because the color changes of several chemically different sensors are affected simultaneously, it is the pattern of color changes, not a single specific color change, that is used for detection and identification. This advance enables high selectivity to be achieved for a broad range of detected molecules, with an appropriately selected large number of sensors, which was demonstrated for vapor-phase detection of volatile organic chemicals, toxic industrial chemicals, commercial products, and more [31] . The same group developed a TATP sensor with a limit of detection (LOD) of <2 ppb that was selective against hydrogen peroxide and similar oxidants (Fig. 2) [33] .
Colorimetric sensor arrays have also been developed to detect: TNT at a <1 ppb LOD, along with related compounds [34] ; DNT, RDX, HMX, and TATP heated to 100°C with a LOD of 50 ppb [35] ; and TATP, HMTD, and picric acid at a LOD of 0.2-2.3 μg [27] . Related techniques that used specifically genetic-engineered viruses to bind to TNT with accompanying color change had LOD of 300 ppb [28] . All of these studies used principal component analysis or related techniques (e.g. hierarchical component analysis) to turn the multidimensional data acquired into sensitive and selective species identification [31, 32] .
Molecularly imprinted polymers (MIPs)
Molecularly imprinted polymers (MIPs) can be used for explosives detection because they are often highly selective for a given molecule, for example TNT. A MIP is generally formed by polymerizing or cross-linking a material around a molecular template (typically the molecule of interest itself); removal of the template forms binding sites that are the size and shape of the target molecule [36] , as illustrated in Fig. 3 . Recent research has combined MIPs with optical detection techniques including luminescence, surface-plasmon-resonance spectroscopy, and SERS, as well as with electrochemical detection.
MIPs have been labeled with a variety of fluorophores for trace molecular detection via fluorescence quenching schemes [37] . Xu et al. [38] and Stringer et al. [39, 40] labeled MIPs with fluorescent quantum dots for TNT detection. Turner et al. [41] developed a novel fluorescent monomer for detection of DNT in the gas phase, and Ye et al. [42] used a luminescent cadmium-pamoate metal-organic framework for trinitrophenol detection.
A MIP can be coated onto a surface plasmon resonance active substrate. Bao et al. [43] [53] . Since that review, the advances of greatest importance have been in the development of fully integrated on-chip multianalyte devices. Examples are the BForensic Finger^, shown in Fig. 4 , with multiple analyte capability from the Wang group [54] , and the fully integrated nanowire-based electrochemical sensing device from the Tyndall National Institute Nanotechnology Group [55] . Many different research groups worldwide continue to add to the number and variety of nanomaterial electrochemical sensors, including improved porosity or specific surface area for faster response times (e.g. Yuan et al. [56] ) and multiple sensor approaches with multivariate chemometric analysis for improved selectivity [57] . 
Immunosensors
Immunosensors use an antibody that is developed for a specific molecule in a variety of assays. Most often used in biology to detect antigens, immunosensors for trace explosives detection have been a subject of recent research. Because of the use of antibodies, specificity is high. Frequently, a type of competitive assay is used, and the explosive is detected by fluorescence quenching, change in color or absorbance, or by an electrochemical signal. Additionally, SPR transduction technologies have been successfully applied to smallmolecule immunoassays. In a typical immunosensor chemiluminescent scheme, there is an anti-explosive antibody and an explosive analog that is coupled to a fluorophore. The presence of the explosive quenches the fluorescence (or, less commonly, increases a fluorescent signal). This scheme has successfully been used to detect explosives in real-world situations. Researchers at the Naval Research Laboratory (NRL) have used chemiluminescent immunosensors to detect TNT in contaminated seawater [58] [59] [60] [61] . They developed a PMMA microfluidic device suitable for underwater operations, chemically functionalized with antibodies possessing high affinity and selectivity for TNT over RDX and HMX. The LOD was 1-10 ng mL [64] .
Immunoassays can also be coupled to electrochemical responses for explosives detection. Yu et al. developed an electrochemiluminescent Baptasensor^for TNT detection, with a LOD of 3.6 pg mL −1 [65] . Gianetto et al. developed
an amperometric immunosensor for TNT with a LOD of 6 ng mL − 1 [66] , and Park et al. developed a onedimensional-nanostructure-based chemiresistive immunosensor for TNT with a LOD of 0.5 ng mL −1 [67] .
SPR immunosensors rely on the change in refractive index that occurs when a molecule of sufficient mass binds to the plasmonic surface. There are several challenges in using SPR immunosensors for detecting small molecules like explosives, outlined in a review by Mitchell [68] . Recent efforts led by Onodera, Toko, and coworkers have involved developing sensor surfaces, instruments, sampling methods, and antibodies for TNT and RDX detection [69] [70] [71] [72] [73] [74] 
Microcantilevers and nanotechnology
Microcantilevers are an appealing method for explosive-vapor detection. When small numbers of molecules are adsorbed onto the surface of the cantilever's tip, a change in the deflection angle or the cantilever's resonant frequency occurs, which can be observed optically or electronically [75] . Originally part of atomic-force microscopes, microcantilevers were first used by Thundat et al. for mercury-vapor detection in 1994 [76] . Conventionally, microcantilevers are made from Si or SiO 2 . In the last five years, much research has been devoted to modifying the cantilever material, functionalizing and texturizing the cantilever surfaces, and applying a variety of spectroscopic techniques for chemical and explosive detection. Likewise, methods for applying microcantilever technology to handheld explosive-detection devices have been addressed [77, 78] . One approach to increasing the microcantilever selectivity and sensitivity to specific explosive molecules is to modify the material of the cantilever itself. The Rao group [79] [80] [81] developed a unique polymer nanocomposite microcantilever that can be functionalized with a variety of self-assembled monolayers (SAMs) for explosive detection selectivity and sensitivity. They have also created a silicon dioxide microcantilever that is embedded with graphene nanoplatelets. When functionalized with a thiol SAM, it was able to detect TNT vapor down to ppbv (parts per billion by volume) levels [82] . A difficulty is that thiol SAMs on gold tend to degrade over time. Chen et al. [83] created a piezoresistor-encapsulated SiO 2 microcantilever, coated with a bilayer of molecules: a silane monolayer, followed by a monolayer of p-aminobenzoic acid (PABA) grafted onto the silane. Specific adsorption of TNT to the PABA layer was achieved, and unlike more traditional thiol-on-gold monolayers, trace detection of TNT was revealed to be repeatable in the long term.
Several researchers have investigated other means of chemical functionalization of microcantilevers. Zhu et al. combined a polyimide microcantilever sensor with a colorimetric receptor, TTF-C4P, that binds to trinitrobenzene (TNB). They detected TNB (and anticipated being able to detect other nitroaromatic explosives) at the 10 ppbv level [84] . Gold surface support of the functionalization layer may cause the cantilever to act as a thermometer, deflecting the tip as a result of the bimetal effect. The temperature effect may obscure the deflection caused by an adsorbed explosive molecule. Strle et al. functionalized a bare silicon microcantilever using 3-trimethoxysilyl-propan-1-amine (APS). The APSfunctionalized cantilever was coupled to an optical detection system, and 300 TNT molecules out of 10 12 N 2 carrier-gas molecules were detected [85] . A common problem in the realworld use of microcantilevers for explosives detection is differentiating between the response from an adsorbed explosive and that from moisture in the air or temperature changes. Shemesh et al. [86] addressed this problem by using APScoated porous-silicon-over-silicon (PSOS) microcantilevers. When exposed to typical environmental molecules (including water vapor and organic solvents), the adsorption to the cantilever is reversible. Conversely, nitroaromatic molecules (including TNT) undergo an irreversible chemical reaction with the APS layer, enabling differentiation between explosive and environmental molecules.
One means to enhance the sensitivity of microcantilevers to adsorbed molecules is to texturize the surface of the cantilever. Titanium dioxide (TiO 2 ) nanostructures have been identified as strong candidates for explosive detection via surface enhancement on microcantilevers and on nanowires [87, 88] . TiO 2 strongly interacts with NO 2 groups present in many molecular explosives. Cottineau et al. combined the selectivity of TiO 2 with the surface enhancement properties of nanotubes on the tip of the microcantilever. They obtained a surface enhancement factor for TNT of~70, and the explosivemolecule absorption improved by a factor of 100 [87] . Spitzer et al. [89] also used TiO 2 nanotube arrays on cantilevers to mimic the sensing system of a moth. The titania nanotubes had a higher affinity for TNT vapor than for ethanol and heptane vapors. Ruan et al. [90, 91] used integrated carbon nanotube (CNT) networks on a microcantilever enabling microcalorimetry for detection. The cantilever was heated, and explosive vapors adsorbed into the hot CNT layer were ignited to deflagration. This exothermic process causes deflection in the microcantilever. There is also deflection caused by heating non-explosive interferents; however, the deflection is shorterlived than that caused by the deflagrating explosives. Xu et al. combined nanoscale texture with specific TNT-sensing groups. Layers of graphene oxide were separated by gold nanoparticles, and the top layer was functionalized with hexafluoroisopropanol (HFIP). They detected TNT at 100 parts per trillion amongst 1 ppm interfering vapors [92] . Pina et al. [93] used the titanosilane nanoporous zeolite ETS-10, functionalized with organic silanes. When the functional group was an amine, there was a large shift in cantilever frequency on exposure to 2-nitrotoluene over that obtained using bare silicon or the ETS-10 alone.
Recently, the Thundat group has used photothermal or photoacoustic deflection spectroscopy for detection and identification of adsorbed explosive molecules. The deflection caused when the adsorbed molecules absorb IR light resonant with a molecular vibration is monitored and recorded. The benefit of this method is that it does not rely on chemicalspecific receptors that may be limited to TNT or nitroaromatic explosives. However, further research is needed, because this technique potentially has the same weakness as most molecular vibrational spectroscopy; namely, the presence of a mixture of materials can obscure the signal from the explosive molecule of interest [94] [95] [96] [97] [98] .
The use of nanomaterials to enhance explosive detection remains an active topic of research, with gold-nanoparticlebased detection reviewed recently [99] . A TNT LOD of 2 ag (attogram) was claimed using spectroscopic measurements of the visible color change of hexaphenylbenzene-based nanorods [100] . In a similar study, ethylenediamine-capped gold nanoparticles had a TNT LOD of 400 pmol L −1 by eye, 40 pmol L −1 by spectroscopic measurement, and 0.4 pmol L −1 by dynamic light scattering [101] .
Ion detection methods

Ion-mobility spectrometry
Ion-mobility spectrometry (IMS) is a method of trace explosive detection that combines the sensitivity of an ion-based detection method with the simplicity of ambient-pressure operation. There are several commercially available benchtop and handheld IMS-based explosive-detection devices. IMS as a means of explosives detection was reviewed in 2011 [102, 103] and before [104] . IMS generates gas-phase species that are ionized, gated into a drift tube, and separated by drift velocity in the presence of an electric field against the flow of ambient-pressure drift gas [102] [103] [104] . This leads to a measurement of collected current versus drift time that can be compared with a library spectrum and used to detect and identify explosives. Crucial factors that affect the sensitivity and selectivity of IMS include:
1. the method of sampling material into the gas phase; 2. the ionization method; and 3. interpretation of the results.
Several methods of sampling have been recently studied. Vapor sampling for explosives detection is commonly performed through thermal desorption (TD), where a material is sampled onto a filter swipe that is subsequently heated to increase the concentration of explosives in the vapor phase. Different explosives have different optimum temperatures for detection in TD, correlated with melting point [105] . Care must be taken not to contaminate the instrument with solid particulate, which can remain and release explosive vapors into the detector on subsequent heating trials. Direct air sampling is possible, but most explosives have too low a vapor pressure [106, 107] for direct vapor detection by IMS. Ambient-pressure ionization (API)/desorption methods, for example electrospray ionization (ESI) [108] or laser-based desorption [109, 110] , are sampling methods that can help avoid thermal decomposition of fragile explosive molecules and aid in identification. Planar solid-phase microextraction (PSPME) substrates designed to adsorb headspace gases and preconcentrate vapors before TD have been used to increase sensitivity [16, 111, 112] . Gas chromatographic (GC) separation before IMS provides multiple dimensions of separation that have been observed to aid in lowering false positives [113] .
There is active research into optimizing the ionization process; ionization sources include radioactive decay (e.g. from 63 Ni foils), photoionization (PI), corona discharge (CD), and API methods [114] . At ambient pressure, ions can be formed through electron capture, adduct formation, or dissociative reactions [103] . The presence of air or dopant gases (for example dichloromethane or ammonia) is essential to the ion chemistry and can be optimized to enhance separation in the IMS spectrum [115] [116] [117] . Different ionization conditions produce different ion ratios and correspondingly different IMS peak-intensity ratios [118] .
A substantial amount of recent IMS-explosives-detection research has been undertaken to identify the ion chemistry that corresponds to different IMS peaks [116, [119] [120] [121] [122] . Mass spectrometry (MS) after IMS separation enables species identification for specific drift-time peaks under different conditions, including drift-tube temperature and dopant-gas species.
IMS devices are among the most common trace-explosivedetection technologies used in the field because of their simplicity, portability, low cost, and sensitivity to sub-ng amounts of explosive with sampling times of less than a minute. Common nitro and nitramine explosives including TNT, RDX, PETN, and NG can be detected with IMS at a LOD of tens to hundreds of picograms [102] . Different explosives have distinct IMS spectra, offering selective identification [103] . However, IMS peaks are relatively broad compared with the total drift time, and this low resolution limits selectivity. Additionally, the ion chemistry in the common TD sampling arrangement can lead to molecular fragmentation that makes similar explosives difficult to distinguish. Definitive identification of IMS peaks is often performed by following IMS with MS, and enhanced selectivity and technological advances suggest that MS is the next step beyond IMS in trace explosives detection in the vapor phase.
Mass spectrometry (MS)
MS detects ions with picogram or better sensitivity and highselectivity identification on the basis of ion mass typically measured to <1 Dalton (D). Although MS clearly meets the sensitivity and selectivity requirements of trace explosive detection, it has traditionally required large, power hungry, and expensive equipment because of high-vacuum operation. Recent research has enabled MS measurements of real-world samples under ambient sampling conditions using a variety of desorption and ionization techniques [114] . Many of the API techniques enable detection of explosive molecules with significantly less fragmentation than electron-impact (EI) ionization common in high-vacuum MS measurements, aiding in selectivity of identification. The ability to measure ambientpressure samples also stimulated efforts in miniaturization. The first portable commercial MS instruments designed for explosives detection are becoming available. Here, we briefly review recent research, development, and testing relevant to MS devices used for trace explosives detection.
There have been numerous reports on efforts to miniaturize ambient-pressure MS over the last five years [123] [124] [125] [126] [127] [128] . The focus has been on ion-trap mass spectrometry (ITMS), which has easier-to-achieve vacuum requirements than other MS methods and allows multiple steps of mass selection, MS n , for enhanced selectivity. ITMS is combined with different types of API sampling methods to produce devices that can be used on a variety of materials.
Several API MS methods have obtained very low LOD [129] for trace explosives quantities. Desorptionelectrospray-ionization (DESI) MS has been revealed to have pg or better sensitivity for many explosives [130] . An API low-temperature-plasma MS was found to have pg-ng LOD on heated glass substrates, but orders of magnitude worse LOD on surfaces like fabric [131] . Atmospheric-flow-tube (AFT) MS was demonstrated to detect ambient-condition vapor pressures of NG, tetryl, PETN, and RDX below the level of 10 ppq (pg quantities) [106, 132] , even in real-world conditions in the air of a shipping container [133] . Proton-transfer MS was also observed to have enough sensitivity to detect headspace gases without heating or pre-concentration, on a laboratory scale [134] . Sampling with chemical ionization at above-atmospheric pressures was revealed to enhance MS signals of RDX by a factor >10 [135] . Recent parametric research studies have quantified the optimum use of directanalysis-in-real-time (DART) MS for explosives detection [136, 137] .
Selectivity is high in MS-based detection, but is always a concern. Combined two-dimensional IMS-MS has been revealed to enable better identification, leading to fewer false positives between household items and explosives than either detection method alone [138] . Different ionization conditions (CI -chemical ionization, PI, and EI) followed by MS were tested under complex real-world conditions, with CI obtaining the least molecular fragmentation [139] . Desorption electroflow focusing ionization (DEFFI) was revealed to enable control of the signal level of fragile organic molecules relative to inorganics by adjusting the collision-induced-dissociation potential, providing essentially a new knob for contrast between organics and inorganics [140, 141] . DEFFI imaging of a fingerprint residue is shown in Fig. 5 .
Performance under field conditions has also been a subject of study. Testing of difficult real-world samples, including explosive-contaminated asphalt shingles and TNT in creek water, using DART MS obtained excellent identification of trace explosives without system contamination or background interference [142] . Testing of an ITMS-based TATP transportation monitor was performed on over 3000 railway passengers, obtaining a single-peak-monitoring false-positive rate of 0.13 % and a post-processing multiple-peak-monitoring falsepositive rate of 0 %, while readily detecting passage of 100 μg TATP within 2 s [143, 144] .
MS is clearly a technique that has the sensitivity, selectivity, and potential for use in the field to have increasing impact on problems of trace explosive detection. Recent research efforts enhancing sensitivity suggest that even low-vaporpressure explosives are detectable in the air [133, 134] , while new sampling methods and miniaturization of components are driving the technology toward smaller, simpler, and more practical systems.
Outlook
The expanding number, quality, and breadth of explosives detection methods are encouraging the development of ever more capable instruments, for both laboratory and field use. Different sampling methods have been more thoroughly characterized, and new materials developed for gas sorption. Animals have very good LOD for trace gases in controlled situations, but performance is significantly affected by Microcantilever approaches can have ppbv sensitivity, but require functionalized surfaces or coupling to spectroscopy to achieve selectivity; both are active topics of research. IMS has sub-ng LOD and moderate selectivity, and the instruments are small and simple to use in the field. Progress continues on understanding the ion chemistry, use of nonradioactive ionization, and coupling IMS with GC or MS to enhance selectivity. Ambient-pressure MS has been revealed to achieve picogram to nanogram sensitivity, with high-selectivity identification. Engineering MS toward field use and developing identification libraries for specific instruments may enable MS to surpass IMS where the enhancement in selectivity justifies the higher cost and power requirements. Each of these methods have undergone substantial recent improvements, and further advancements in both hardware and software will enable the next generation of trace-explosive-detection devices.
